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Available online 22 July 2015AbstractTitanium implants prepared by selective laser melting (SLM), a method of additive manufacturing, were subjected to implantation in beagle
dogs for two and four weeks. Argon ion beam-polished cross sections of the implants after in vivo tests were characterized by scanning electron
microscope (SEM) to evaluate the boneeimplant interface and the early peri-implant biomineralization with sufficiently improved resolution.
Two bone mineralization mechanisms were disclosed. As early as two weeks after implantation, a layer of new bone was found to form directly
on the implant surface and bone in-growth was also observed. Osseointegration was found to establish partly at the tip of the implants. After
healing for four weeks it was found that osseointegration was established around the entire tip of the implants, whereas only partly at the third
thread region of the implants. The experimental evidences observed reveal that an inherent highly porous surface of the titanium implants
generated by selective laser melting is favorable for new bone apposition.
© 2015 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Successful clinical use of endosseous implants is driving
the need for continuing refinements in implant design and
optimization of the biological healing responses following
implant placement. The increasing application of dental im-
plants led to the coining of the term of “osseointegration”,
defined as the direct contact between living bone and a load-
carrying implant [1,2]. While this term has found consider-
able use in the clinical community as a means of describing
the functional stability of an endosseous implant, it is a term
that has eluded satisfactory scientific definition and provided* Corresponding author. Tel.: þ86 10 82195232.
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creativecommons.org/licenses/by-nc-nd/4.0/).little insight into the mechanisms of bony healing around
implants [3,4]. Nevertheless, a careful understanding of the
sequence of osseointegration in the vicinity of the interface
between dental implants and hard tissues appears to be critical
for enhancing early endosseous peri-implant healing. Due to
technical limitations in specimen preparation, the nature of the
interface between the hard tissue and the implant is hard to be
evaluated. Artefacts arising from mechanical polishing of the
interface often limit the resolution and prevent a more
detailed, quantitative analysis of the interaction between the
implant surface and hard tissue. Besides, the surface micro-
structure of dental implants has always been an important
feature for consideration. It has been demonstrated that topo-
graphically complex implants surfaces would accelerate
osteoconduction [5], which, however, is difficult to be evalu-
ated solely by the established approach of histological study.
Selective laser melting (SLM) is a method belonging to a
family of additive manufacturing technologies. It enables the
direct preparation of customized components with defineder B.V. This is an open access article under the CC BY-NC-ND license (http://
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Implants with controlled complex geometry and external
surface morphology have been produced in one single pro-
cessing step by this principle [6]. The SLM process uses
powder granules of fewer tens micrometers as precursors and
fuses them together via melting or partial melting. A unique
rough surface is therefore formed, on which the initial powder
granules stick unavoidably. The highly porous micro-
topography of SLM implant also greatly increases the avail-
able surface area for better adsorption of biomolecules from
biological fluids. This process may offer more chance for the
formation of blood clot and attachment of fibrin to the implant
surface, both of which are essential to the initial bone healing
process [7,8]. Recently, argon ion beam cross section polishing
(CP) technique has been applied to prepare well-polished
sections with negligible mechanical damage suitable for
evaluating the interfacial microstructure between newly
formed bone and dental implants by high resolution scanning
electron microscope (SEM) [9,10].
In the present study this technique was applied to investi-
gate the interfacial microstructure between bone formed by
biomineralization and titanium implants prepared by SLM
process. The specimens were collected from in vivo test car-
ried out by placing SLM implants in beagle dogs for two and
four weeks, respectively. The time dependent coherence and
quality of the newly formed bone characterized with high
resolution revealed more insights into the biomineralization
and early bone formation peri-titanium implants.
2. Materials and methods2.1. Specimens after in vivo testTwo beagle dogs of approximately 1 year of age, weighing
10 and 13 kg respectively, were used in the experiment. The
study was approved by the Animal Ethic Committee, Peking
University Health Science Center, Beijing, China. The dogs
were in good general health, with no systemic involvement. All
surgical procedures for in vivo test were performed under
aseptic conditions by the same surgical team. During the sur-
geries, the dogs were pre-medicated with acepromazine
(0.05 mg/kg intramuscularly) before administrating propofol
(2 mg/kg intravenously). The oral mucosa and dentition were
cleaned with chlorhexidine digluconate for 30 s. Local anes-
thesia was administered (2% lidocaine and 1:100,000Fig. 1. SEM topographic view of the surface (A) and microstruepinephrine) at the surgical sites to reduce bleeding. Three
premolars (P2, P3 and P4) and the first molar of the mandible
were carefully removed of each dog. The teeth were sectioned
in a buccalelingual direction at the bifurcation using a high
speed fissure bur so that the roots could be individually
extracted using elevators and forceps, without damaging the
bony walls. Wounds were closed with resorbable sutures (vicryl
4/0 sutures). The animals received amoxicillin (500 mg, twice
daily) orally during the first week after extraction and were kept
on a soft diet throughout the experiment.
Three months after extraction, a mid crestal incision was
made on the healed alveolar ridge to expose the bone and a
full-thickness mucoperiosteal flap was reflected. A total of 12
SLM implants (TixOs® Cylindrical, Leader-Novaxa, Milan,
Italy; 3.3  10 mm, internal hex) were inserted in dogs. The
implants are commercial available products with a rough and
porous surface produced by selective laser melting approach.
During the first week after implantation, the dogs received
amoxicillin (500 mg, twice daily) and ibuprofen (600 mg,
three times a day) orally. The dogs were fed a soft diet in order
not to overload the implants. Healing was evaluated weekly
and plaque control was maintained by flushing the oral cavity
with chlorhexidine digluconate.
After two and four weeks of healing, the dogs were
euthanized with an overdose of sodium pentobarbital. The
jaws were dissected and blocks containing the experimental
specimens were obtained. Subsequently, the harvested tissue
blocks were fixed in a 10% formalin for 7 days.2.2. Histological observations and SEM
characterizationsAfter fixation and further dehydration, a total of 12 speci-
mens, each containing one implant, were infiltrated with
methacrylate, polymerized and sectioned at the buccalelin-
gual plane from the center of the implant using a diamond saw.
For each half of the specimen, a 200 mm thick section of the
implant and surrounding tissues was cut with a diamond saw
and mechanically polished using 1200 and 4000 grit silicon
carbide papers until a sample thickness of 70 mm was ob-
tained. These sections were stained with toluidine blue and
were examined using the Olympus® BX51 microscope
(Olympus, Tokyo, Japan). Digital images were obtained using
the Olympus® DP2BSW digital camera (Olympus) connected
to the microscope.cture of a polished cross section (B) of the SLM implant.
Fig. 2. Bone formation after two weeks of healing. New bone has formed to
establish bone to implant contact on the porous surface of SLM implant, and
woven bone can be observed clearly.
Table 1
Summary of the time and position dependent osseointegration revealed by CP/
SEM observation.
Sample group Healing time (week) Position Osseointegration
1 2 Third thread Not established
2 2 Tip Partly established
3 4 Third thread Partly established
4 4 Tip Established
255J. Liu et al. / Journal of Materiomics 1 (2015) 253e261The samples were further prepared for CP/SEM character-
ization. Two prismatic blocks with approximate dimensions
1  5  5 mm3 containing a region at the third thread of the
implant as well as one close to the tip of the implant were cut
using a low-speed saw and diamond wafering blades. These
blocks were mechanically polished with 400 grit silicon carbide
paper and then fixed on the sample holder of the cross-section
polishing apparatus using carbon paint (Conductive Carbon
Cement, Plano, Wetzlar, Germany). Argon ion beam cross
section polishingwas performed using SM-09010Cross-section
Polisher (JEOL, Tokyo, Japan) at accelerating voltages in the
range of 4e4.5 kVwith beam currents between 70 and 90mA for
20e24 h. A precut sample block with mechanically polished
surfaces was covered with a shield plate, which stopped half of
the argon ion beam. Only an approximately 75 mm wide part ofFig. 3. Bone formation after four weeks of healing. Bone formed by contact and dis
woven bone: parallel-fibered bone (A) and lamellar bone (B) can be observed. The i
bone surface.the sample protruded from the cover. This part was slowly
milled by the argon ion beam, leaving behind a well-polished
surface at the position of the edge of the shielding plate.
Ion beam polished surfaces were studied without conduc-
tive coating using a JSM-7000F field emission scanning
electron microscope (JEOL, Tokyo, Japan) equipped with an
energy dispersive X-ray (EDX) spectrometer (Oxford
Instruments, Abingdon, UK). Accelerating voltages in the
range of 5e10 kV were used for secondary electron (SE) and
backscattered electron (BSE) imaging.
3. Results3.1. Osseointegration by histological observationsFig. 1A shows an SEM micrograph taken on the surface of
SLM titanium alloy implant. It reveals that the surface of such
implants is essentially rich in concavities that extend beneath
the surface and interconnect through channels and tunnels.
Fig. 1B shows the microstructures of a polished cross section
of the SLM titanium alloy implant. The internal microstruc-
ture consists of fine Widmanst€atten acicular grains formed due
to the high cooling rate in SLM process [11,12]. These fine
acicular Widmanst€atten acicular grains have length ranging
from several micrometers to tens of micrometers with an
average width about 500 nm.tance osteogenesis connected together to support the implant, and two kinds of
mage (C) shows a non-inflamed connective tissue gap between the implant and
256 J. Liu et al. / Journal of Materiomics 1 (2015) 253e261As early as two weeks after implant insertion, clear signs of
biomineralization were observed between the implant surface
and the surrounding bone tissue. Large volumes of newly
formed woven bone containing osteocytes and trabeculae were
presented in the tissues surrounding the implant surface. In
some areas, newly formed mineralized tissue was continuous
with the parent bone (distance osteogenesis), whereas it also
presented on the implant surface in areas remote of the parent
bone (contact osteogenesis). Note that the highly porous sur-
face of the SLM implants seemed to have induced direct
contact with the newly formed woven bone (Fig. 2).
After four weeks following implant installation, wound
healing continued to be characterized by the marked formation
of new bone which extended from the cut bone surface into the
wound chamber and also projected along the surface of the
implant (Fig. 3). In most areas, new bones formed by contact
and distance osteogenesis have already connected together to
support the implant. The newly formed woven bone often
combined with both parallel-fibered (Fig. 3A) and lamellar
bone (Fig. 3B). Marked signs of bone formation could be seen
in the bone tissue. A gap existed between the implant and theFig. 4. SEM images taken on ion beam polished cross section revealing the boneei
zone in (A) is the ion beam polished area. The image (B) shows the large void ind
structure observed at the bottom of an open pore on the surface of the implant indi
bone towards the implant by an in-growth mechanism.bone surface which was filled with non-inflamed connective
tissue, see Fig. 3C.3.2. Early biomineralization and bone formation peri-
titanium implants by CP/SEMTable 1 summarizes the osseointegration established peri-
implants on microscopic scale examined by SEM on ion
beam polished cross section of the implants. New bone was
observed either to grow towards the implant from the parent
bone or to deposit on the implants surface in all samples. It
appears that the osseointegration was initiated at the tip of the
implant, which was further found to be time and position
dependent.
In case of the samples in Group 1, after two weeks healing
the observation of a gap existing between bone and implant at
the third thread (Fig. 4) of the implant indicates that
osseointegration has not yet established there. Small cracks
indicated by the arrow (a) in Fig. 4A and C inside bone
structure are artefacts formed by fixation, resin-embedding
and dehydration during sample preparation [13], whereas themplant interface at the third thread of implants in Group 1. Note the V shaped
icated by the arrow (b) in image (A) under a higher magnification. The bone
cated by an arrow in (D). (E) and (F) show the new bone formation on parent
Fig. 5. SEM images taken on ion beam polished cross section revealing the boneeimplant interface at the tip of an implant in Group 2. Note the gap (with dark
contrast, the white contrast is because of charging effect) between implant and bone shown in (A) and the fibrous tissues attached on the implant surface shown in
(B). The new bone formation on parent bone towards implant by an in-growth mechanism is demonstrated in (C) and (D). The close contact established between
bone and implant is shown in (E).
257J. Liu et al. / Journal of Materiomics 1 (2015) 253e261large void indicated by an arrow (b) in Fig. 4A is a real gap
between bone and implant that has never been filled up during
the healing period. It can be seen clearly in Fig. 4B that a layer
of deposited dense bone (indicated by an arrow in Fig. 4B) is
formed immediately on the third thread of the implant. Bones
with different structures were identified inside the open pores
on the surface of the implant in this region, see Fig. 4D. A thin
new bone layer deposited on the parent bone scraps which
were some remnants from parent bone inside of open pores.
The new bone formation on parent bone towards the implant
by an in-growth mechanism is also clearly demonstrated in
Fig. 4E and F, where the larger osteocytes lacunae (withirregular shape and dark contrast) and the lower density region
indicate the newly formed bone.
In case of the samples in Group 2, after two weeks healing
a gap is observed to exist between bone and implant at the tip
of some implants, see Fig. 5A. A layer of deposited bone with
fibrous structure is also observed, as seen in Fig. 5B. The new
bone formation on parent bone towards implant by an in-
growth mechanism is revealed in Fig. 5C and D, in which
the osteocytes lacunae are clearly visible in the newly formed
bone with a lower density, and a cement line is clearly
observed between new bone and the parent bone in Fig. 5D.
Besides, a close contact between bone and implant is also
258 J. Liu et al. / Journal of Materiomics 1 (2015) 253e261observed in other implants at the tip region, indicating the
establishment of osseointegration there, see Fig. 5E. So, for
the samples in Group 2, the osseointegration is established
partly at the tip of some of the implants.
In case of the samples in Group 3, after four weeks healing
the observation of both large gap and close contact existing
between bone and implants (Fig. 6A and C) at the third thread
of the implants indicates that osseointegration is partly
established in this region. The new bone formation on parent
bone towards the implant by an in-growth mechanism is
clearly visible in Fig. 6B as the newly formed bone is less
dense. It is further observed that the newly formed bone with
granular structure follows the contour of the rough implant
surface in Fig. 6D.
In case of the samples in Group 4, after four weeks healing
a close contact between bone and implant is observed at the tip
of the implants, indicating that osseointegration is established
peri the implant, see Fig. 7. Inside the open pores bones with
different structures were observed; see Fig. 7BeD, but the
new bone shows fibrous morphology in these open pores. The
observations of bone with higher density indicate a higher
degree of mineralization in Fig. 7E and F.
4. Discussions
It is well known that the surface micro-topography of an
implant has a profound influence onmany of the most important
steps in the peri-implant healing cascade [14,15]. Previous
studies performed both with animal [16,17] and human bone
tissue [18,19] have demonstrated that rough surfaces can pro-
mote better and faster bone apposition, being moreFig. 6. SEM images taken on ion beam polished cross section revealing the boneeim
(filled with methacrylate during sample preparation thus appears dark contrast) betw
the implant by an in-growth mechanism is clearly visible in (B) as the newly for
implant. And the newly formed bone follows the contour of the rough implant surf
formed bone in (D).osteoconductive than smooth surfaces, and may provoke bone
growth directly to the implant surface according to a “contact
osteogenesis” pattern [20]. Moreover, rough surface can stim-
ulate the production of biomolecules favoring early new bone
formation, such as PGE2 and TGF-1 [21]. The surface of SLM
implants appears as that of a sand paper or a rasp. Compared to
other conventional production techniques of implants, SLM
possesses advantages such as geometrical freedom, reduction in
process steps, high material use efficiency and near net shape
production [22]. The surface of SLM implants can scratch and
collect smashed bone into the surface pores. The observed
parent bone scraps at the surface open pores, as shown in Figs. 4
and 7, indicated directly this functional mechanism of SLM
implants. The SLM implants harvested bone scrapes during
screwing. Fresh bone scraps are rich in growth factors that
become a natural source for promoting contact osteogenesis.
Besides, this function of harvesting bone scrapes was hard to be
observed by typical histomorphometric analyses, in which
bone-to-implant contact (BIC) was one of the most critical
parameters to assess the quality of osseointegration. BIC defines
the percentage of implant surface covered by newly formed
bone, but do not necessarily indicate the types of bonding or
quality of bone around the implant. It can only give an overall
degree of osseointegration, but cannot reveal the progressive
establishment of osseointegration. With the help of argon ion
beam cross section polishing technique, it becomes possible to
clearly visualize the microstructure of the boneeimplant
interface and to identify different mechanisms of osteogenesis
at higher magnification using SEM. In the present study, two
types of newly formed bone were identified peri the SLM tita-
nium implants, the bone which grew towards the implant fromplant interface at the third thread of an implant in Group 3. Note the large gap
een implant and bone in (A). The new bone formation on parent bone towards
med bone is less dense. Note the close contact established between bone and
ace in (C). Under high magnification a granular structure is observed in newly
Fig. 7. SEM images taken on ion beam polished cross section revealing the boneeimplant interface at the tip of an implant in Group 4. Note the close contact
established between bone and implant. The small crack on the interface is an artefact formed during sample preparation. Newly formed bone fills in the surface
pores with complex geometries in (A) and (B). Under high magnification a fibrous structure is observed in newly formed bone in (C) and (D). Note the close
contact established between bone and implant in (E). The bone with higher degree of mineralization is observed in newly formed bone in (F).
259J. Liu et al. / Journal of Materiomics 1 (2015) 253e261the parent bone (distance osteogenesis) and the bone deposited
on the implant (contact osteogenesis) [23]. The observation
revealed a challenging difficulty to define osseointegration in
microscopic level, as on this scale the direct contact of newly
bone with a load-carrying implant appears position dependent.
Nevertheless, as summarized in Table 1, by applying CP/SEM it
is possible to define osseointegration in a fine scale and in terms
of position and healing time.
As early as two weeks after implant installation, bone
apposition directly to the implant surface in areas remote of the
parent bone could already be observed. Berglundh and col-
leagues revealed that portions of the newly formed bone
appeared to be in direct contact with the surface of sand-blasted,
large grit, acid-etched (SLA) implant at a distance from the
parent bone in biopsies obtained after one week of healing [24].
Davies discussed the mechanism of early peri-implant healing
process and argued that the first and most important healing
phase, osteoconduction, relied on the recruitment and migration
of osteogenic cells to the implant surface, through the residue of
the peri-implant blood clot. Among the most important aspects
of osteoconduction were the knock-on effects generated at the
implant surface, by the initiation of platelet activation, whichresulted in directed osteogenic cell migration. The second
healing phase, de novo bone formation, resulted in a mineral-
ized interfacial matrix equivalent to that seen in the cement line
in natural bone tissue. These two healing phases resulted in
contact osteogenesis and, given an appropriate implant surface,
bone bonding [20,23].
The distance osteogenesis also occurred as early as two
weeks after implant insertion, which has been explicitly
described to explain the concept of “osseointegration” of
machined implants in which initiation of mineralization of the
healing bone tissue did not occur on the implant surface, but
bone grew towards the implant, subsequent to the death of the
intervening tissue [25,26]. This is the reason why some studies
failed to demonstrate the occurrence of an early direct bone
formation on the implant surface, most of which used the
implant with a turned or machined surface [27]. Davies
[20,23] and Abrahamsson [28] stated that contact osteogenesis
process seemed to be dependent on the surface roughness,
maybe as a result of increased possibilities for fibrin to attach
to the implant surface and assist bone cell migration. For SLM
implant the capability of harvesting fresh bone scraps into the
surface pores is an important new factor to consider for
260 J. Liu et al. / Journal of Materiomics 1 (2015) 253e261explaining the observed contact osteogenesis. At the end of the
observation period, new bones formed by both contact and
distance osteogenesis have connected and merged together to
support the implant and ensure its early stability.
Besides, the observation indicates that the bone minerali-
zation at the tip region of the implants was faster than that at
the third thread region of the implants. The establishment of
osseointegration can be found as early as two weeks after
healing at the tip of the implants, but in the third thread region
of implants the osseointegration seems to need more time to
establish. Here the pressure during healing may play a role.
More pressure at tip of the implants was borne than that in the
third thread region when beagle dogs were chewing.
5. Conclusions
Bone formation by two growth mechanisms, contact osteo-
genesis and distance osteogenesis, on titanium implants pre-
pared by selective laser melting were visually observed already
after two weeks healing by high resolution SEM investigation
on argon ion beam polished cross sections. The establishment of
osseointegration was found to be time and position dependent.
It progressed faster at the tip than in the third thread region of
the implants. The highly complex microstructure of the unique
surface of SLM implants containing a large number of open
pores with sharp edges enabled the harvesting of fresh bone
scraps into the surface pores during implantation that in turn
became a natural source for promoting contact osteogenesis.
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